INTRODUCTION

THE USE OF SMALL-SCALE CHP APPLICATIONS
Nowadays, from a technical point of view, microcogeneration units such as gas engines and microturbines are quite well developed. Their sometimes commendable energetic characteristics may lead to energy savings and a reduction of harmful emissions [1] . Furthermore, deregulation of the electric power market creates opportunities for smallscale CHP units to penetrate into the residential and servicesector markets [2] , [3] .
However, the operational behaviour of these small-scale facilities is influenced by some boundary conditions. Namely, in order to fully benefit from the energetic and ecological added value that the use of CHP facilities can offer, these units have to be operated in a heat-driven way. Since heatdemand profiles of customers in the residential and service sector may differ significantly, elementary considerations would suggest that any individual customer should need a CHP unit, specifically designed to fulfil its own needs [4] . Another technical problem may arise when such CHP installations are operated in a load-following way. This causes the CHP unit to be switched on and off very frequently, resulting in transient behaviour that may have a negative influence on the life, decrease the possible energy savings and undermine the power quality of the grid when selling excess electricity [5] .
However, unless used as a back-up power supply unit, CHP facilities can be operated in combination with auxiliary devices such as back-up boilers and thermal-storage tanks. Due to technical and economic reasons, the installation of an additional boiler is preferred. As a result, the CHP unit can be dimensioned to cover the average (or base load) heat demand instead of the maximal heat demand. The back-up boiler then serves to provide the peak demand [6] . Accurate dimensioning methods for CHP units are described in [4] .
A solution to mitigate the difference between heat-demand profiles and the somewhat negative effects of load following, can be offered by the use of thermal-storage devices. This will allow the CHP unit to operate more continuously and, consequently, avoid frequent occurrence of transient behaviour during start-up and shutdown.
PARAMETERISED CHP SIMULATION MODEL
In order to investigate the interaction of one or more smallscale CHP facilities with the distribution grid, a simulation programme has been developed to gain insight in the powerand heat-generation behaviour of CHP installations used in the residential and service sector. The output of this simulation code, written in Matlab, then serves as an input for
the Eurostag software, which calculates the impact on the distribution system.
Hypotheses and Boundary Conditions
The reference setup used is the following. The customer using the CHP unit is still connected to the distribution grid in order to buy electricity when necessary or to sell it back, if allowed when there is an excess. Furthermore, an additional boiler is installed, functioning as a peak-burner and as a back-up heat generator. The installation of a thermal-storage tank is optional. When a thermal-storage tank is integrated in the entire system, the configuration of the different devices and the interaction with the grid is represented in Figure 1 . All heat produced by the CHP unit flows through the thermalstorage tank on this picture, but bypassing of this storage tank would make no difference if the customer were to use all the heat.
Calculations are made on a fifteen-minute basis, a common time step for electricity metering. Transient effects during start-up and shutdown are only taken into account during one hour. This has no significant impact on the results as long as gas engines and gas turbines are looked at (transient effects of some fuel cells, for example, may last longer than one hour). The programme uses the transient characteristics of a 5.5 kW e gas engine. Although the transient behaviour of the different CHP technologies may differ somewhat, the global behaviour of a CHP unit during a longer period -number of start-ups and shutdowns, total amount of heat and electricity generated -is what dictates the interaction with the grid. Since this long-term behaviour is largely determined by the size and efficiencies of the CHP unit, storage tank and back-up boiler, the differences in momentary transient behaviour should not influence the result that much. After all, mostly the same types of electric generators are used for the different technologies. The model only complies with the energy equivalence, meaning that the required amounts of heat and electricity, in kWh th and kWh e , are provided, but not necessarily at exactly the right time. For instance, if the cogeneration unit is operational during ten consecutive minutes, generating enough thermal and electric energy to satisfy the demand in the fifteen-minute interval that is considered, the programme will assume that these ten minutes will start at the beginning of that interval. If the actual heat demand peaks between the 10 th and 15 th minute, the CHP will not be operating at this moment, but the programme will assume that the heat demand has been satisfied. However, this should have no significant influence on the interaction with the grid, as the total amount of start-ups and shutdowns is far more important than the exact moment when this happens.
Every simulation starts on the 1 st of January at 0h00 and ends on the 31 st of December at 24h00. In the beginning of a simulation run, the CHP unit is considered to be shut down and the heat content of the storage tank is 50% of its maximum capacity. The CHP installation is turned on when the heat content in the storage tank becomes less than 20% of the maximum capacity. It is switched off when the storage tank is completely full. The back-up boiler, in its turn, is switched on to provide additional heat when the heat content of the buffer and the heat generated by the CHP unit cannot satisfy the fifteen-minute heat demand.
Input and Output Parameters
The heat-demand profile during one year on a fifteen-minute basis [7] and the entire system (CHP unit, storage tank, boiler and ducts) characteristics are the only input parameters to the simulation programme. The system characteristics include all steady-state power outputs and efficiencies, the transient characteristics of the CHP installation and boiler, the heat capacity and heat losses of the thermal-storage tank and the efficiency of the heat transport through the ducts.
The actual fifteen-minute analysis checks all the input parameters mentioned above, such as the content of the thermal storage tank and the heat requirements, and will subsequently calculate the output of the programme. This output consists of fifteen-minute values of the following parameters: the amount of heat and electricity produced by the CHP unit, the amount of heat produced by the boiler, the operating time and primary energy use of the CHP unit and boiler, and the amount of heat entering and leaving the thermal-storage tank. This information permits the determination of the relative primary energy savings (compared to a situation without CHP), the working regime of the CHP unit and the amount of electricity that can be sold to or has to be bought additionally from the grid. The production of electricity then serves as an input for the grid simulation software in order to investigate the qualitative influence of the (massive) use of CHP on the grid.
Results
The impact of the use of a thermal-storage tank on the As far as the operating time of the CHP unit is concerned, the use of a thermal-storage tank clearly prolongs this operating time substantially, having a positive effect on the energy savings that can be achieved. The impact on the number of times the installation is switched on and off, is even more pronounced. This number of switches, and thus the occurrence of transient effects, can be brought down by a factor 10 to 20, which is beneficial for the life of a CHP unit. The resulting impact on the power quality of the distribution grid will be discussed in the second part of this paper. 
C C I I R R E E D D
INTERACTION OF CHP WITH THE POWER GRID
With the incentive to increase small-scale power generation from green and clean technologies, CHP units have been installed and connected to local distribution grids. These CHP units are almost always operated in a heat-following way. Therefore, the power output of CHP installations does not necessarily follow the electricity demand, causing the anticipation of the electricity load profile to become more difficult.
Furthermore, the small distribution transformers are equipped load tap changers, which are set manually several times in a year, though automatically adjusting systems exist as well but are less commonly used. When a high penetration level of CHP units into such a distribution system becomes significant, the voltage level may go out of the accepted operating range.
Impact on Voltage Regulation
The output parameters of CHP installations can be applied to all types of power distribution networks. As an example, a radial distribution is assessed. The configuration shown in Fig. 2 is typical for a residential distribution system in Belgium. The nodes 1 to 10 represent switchgear cabins where usually one residential house or a commercial store is connected.
At the present example, power loads have been assumed to be equally distributed over all nodes. The assumed 3.7 kW peak power and 5.7 kW thermal load CHP units per house are installed at houses 4, 6, 8 and 10. Each CHP unit is equipped with a thermal-storage tank and an additional boiler and fulfils the heat requirements of an average household family with two adults and one child. The electrical loads of 5 kW and 0.5 kW per house correspond with a high demand during the day and low demand at night period on a winter day respectively. Fig . 3 shows the electrical power output of a CHP unit with a thermal-storage unit on a typical winter day. The unit switches on and off more frequently at night and less frequently during the day, following the thermal-load profile. However, the electrical power consumption behaves differently. The electrical load is lowest at night and highest around 6h00 and 18h00. Some actions must be taken in this case. Either the setting of the transformer tap is recalculated with some certain penetration level of CHP; or the system is to be reinforced; or the connection of CHP to the system must be reduced. 
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Impact on Protection and Unintended Islanding
Due to safety requirements, small distributed generation units or cogeneration systems are not expected to operate in islanding mode [9] . It means that they are not allowed to connect to the distribution grids when they are isolated from the main grids due to a fault or an abnormal situation happened in the grid. However, CHP units can be operated as back up. They can supply partly or fully local electric demand, depending on its size and the local heat demand.
CONCLUSIONS
The parameterised CHP simulation model and the impact of CHP on the power system are discussed in this paper. A simulation programme has been developed to gain insight in the power-and heat-generation behaviour and output profiles of CHP units. The results of this step are further used to study the influence of CHP on the low-voltage distribution system.
The use of thermal storage in combination with a CHP system increases the operational efficiency and reduces the switching on and off of the unit. This results in a smoother voltage profile and power quality when the CHP system is connected to the distribution system. The role of CHP in electrical and thermal generation is increasing in many countries. This draws much attention on how to deploy and operate CHP effectively and economically. When a significant penetration level of CHP is connected to a local distribution system, it may change the voltage level and induce fluctuations. The voltage level at low electrical loads may be higher than the maximum limit. This lets the network operators consider whether to reset or upgrade the systems.
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